The significance of microemboli detection by means of transcranial Doppler ultrasonography monitoring in carotid endarterectomy  by Ackerstaff, R.G.A. et al.
The significance of microemboli 
means of transcranial Doppler 
ultrasonography monitoring in 
carotid endarterectomy 
detection by 
R. G. A. Ackerstaff, RID, PhD, C. Jansen, MD, PhD, F. L. Moll, MD,  Phi) ,  
F. E. E. Vermeulen, MD,  R. P. H.  M. Hamerli jnck, MD,  PhD, and 
H.  W. Mauser, MD,  PhD,  Nieuwegein, The Netherlands 
Purpose: Carotid endarterectomy (CEA) performed with continuous transcranial Doppler 
monitoring provides a unique opporttmity to determine the number of cerebral 
microemboli and to relate their occurrence to the surgical technique. The purpose of this 
study was to assess in CEA the impact of cerebral microembolism on clinical outcome and 
brain architecture. We also evaluated the influence of the audible transcranial Doppler 
signal on the surgeon and his or her technique. 
Methods: In a prospective series of 301 patients, CEA was monitored with electroen- 
cephalography and transcranial Doppler ultrasonography of the ipsilateral middle cerebral 
artery. Preoperative and intraoperative risk factors were entered in a logistic regression 
analysis program to assess their correlation with cerebral outcome. To evaluate the impact 
of cerebral microembolism on brain architecture, we compared preoperative and 
postoperative computed tomography scans or magnetic resonance images of the brain in 
two subgroups of 58 and 40 patients, respectively. 
Results: Seven (2.3%) patients had intraoperative transient ischemic symptoms, three (1%) 
had intraoperative strokes, 1 (0.3%) had transient ischemic symptoms after operation, and 
10 (3.3%) had postoperative strokes. Four (1.3°/0) patients died. Microemboli (> 10) 
noticed uring dissection were related to both intraoperative (p < 0.002) and postoper- 
ative (p < 0.02) cerebral complications. Microemboli that occurred uring shunting were 
also related to intraoperative complications (p < 0.007). Microembolism never esulted 
in new morphologic hanges on postoperative computed tomography scans. On the 
contrary, the phenomenon of more than 10 microemboli during dissection was 
significantly (p < 0.005) related to new hyperintense l sions on postoperative T2- 
weighted magnetic resonance images. 
Conclusions: During CEA the presence of microembolism (> 10 microemboli) during 
dissection shows a statistically significant relationship with perioperative cerebral 
complications and with new ischemic lesions on magnetic resonance images of the brain. 
Moreover, microembolism during shunting is also related to intraoperative complications. 
Surgeons can be guided by the audio Doppler and emboli signals by changing their 
technique. This change may result in a decrease of microembolism and consequently in a 
decline of the intraoperative stroke rate. (J VASC SURG 1995;21:963-9.) 
The indication for carotid endarterectomy de- 
pends on the neurologic history and the severity of 
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atherosclerotic arterial disease. Coexisting risk factors 
such as cardiac disease, the age and life expectancy of
the patient, and particularly the perioperative com- 
plication rate of the surgeon determine the safety of 
the operation and have to be considered in the 
decision matrix. 
Paradoxically, one of the principal concerns i that 
the very operation intended to prevent astroke can in 
itself precipitate a stroke in 1% to 24% of the cases, 
depending on the center and surgical indications. >3 
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An important aspect of carotid endarterectomy is the 
performance of the operation i  a safe and technically 
satisfactory manner. Therefore it is essential that 
emphasis be placed on intraoperative c rebral pro- 
tection and on the prevention of neurologic ompli- 
cations whenever possible. 
In our institution we originally evaluated the 
reliability of cerebral function monitoring during 
carotid endarterectomy and the selective use of a 
shunt with an electroencephalographic (EEG) expert 
system. 4,s In these studies 68% of perioperative 
strokes occurred uring the operation. Fifty percent 
of these strokes were probably caused by hemody- 
namic factors. It was likely that the remaining half of 
intraoperative Strokes were of thromboembolic ori- 
gin and primarily occurred uring surgical manipu- 
lation of the carotid arteries. However, cerebral 
embolism was only rarely detected with the EEG 
expert system. 
The advantages of intraoperative transcranial 
Doppler (TCD) monitoring, such as its sensitivity for 
recording blood flow velocities and microembolism 
in real-time, are convincing. However, its value has to 
be proven by clinical studies and by comparison with 
other techniques. For this reason we added a TCD 
unit to our EEG expert system for monitoring 
patients during carotid endarterectomy. In combina- 
tion with the EEG, TCD monitoring provided 
additional and clinically valuable insights into hemo- 
dynamic changes and cerebrovascular physiologic 
condition. 6,7 Moreover, TCD is the only intraopera- 
rive modality that can supply accurate and dinically 
relevant information about cerebral microembolism.8 
In this report we present data from our investi- 
gation of embofi detection during carotid endarter- 
ectomy based on TCD monitoring. The purpose of 
this prospective study was (1) to detect and de- 
scribe the occurrence of embolic transients in the 
ipsilateral middle cerebral artery that are representa- 
tive of cerebral microemboli, (2) to relate these 
emboli signals to surgical manipulation, (3) to 
evaluate the influence of the audible TCD signal on 
the surgeon and his or her technique, and (4) to assess 
the impact of microembolism on brain function and 
architecture. 
MATERIAL AND METHODS 
In this study 235 men and 66 women were 
included. The mean age was 65 years (range 42 to 87 
years). Two hundred thirty-one patients (77%) 
showed recent carotid artery s mptoms (amaurosis 
fugax, transient ischemic symptoms, or minor 
stroke), and 70 patients had no symptoms. All 
patients underwent neurologic examination before 
and after the operation and another examination after 
1 to 3 months. We regarded it as reversible ischemia 
if new cerebral deficits occurred immediately after the 
operation and the symptoms disappeared completely 
within the period of admission in the hospital, or as 
an intraoperative stroke when the symptoms per- 
sisted. Delayed cerebral deficits occurring after the 
first postoperative n urologic examination were simi- 
larly classified as a postoperative episode of reversible 
ischemia or as a stroke. The severity of a stroke was 
graded according to the modified Rankin scale. 9 A 
score of 3 or less was considered a nondisabling 
stroke. 
In all cases computed tomography (CT) or 
magnetic resonance (MR) imaging of the brain was 
done before the operation. In a subgroup of 58 
patients in whom embolic transients were noticed 
with TCD monitoring, CT scanning of the brain was 
also performed 3 to 5 days after the operation. In 
another subgroup of 40 carotid endarterectomies, 
preoperative and postoperative c rebral MR imaging 
was made regardless of the detection of cerebral 
microembolism during the operation. In the remain- 
ing 203 endarterectomies, a postoperative CT scan 
was made only when intraoperative or new postop- 
erative neurologic deficits were noticed. 
All CT scans were performed on a Philips 
(Eindhoven, The Netherlands) Tomoscan TX with 
contiguous slices of 5 or 6 mm thickness parallel to 
the supraorbito-meatal line. All MR scans were 
performed on a Philips Gyroscan T5 with a 0.5 Tesla 
superconducting magnet. After a Tl-weighted spin 
echo scout view was obtained, axial T2-weighted spin 
echo images were made with a repetition time of 
2335 msec and echo times of 30 and 90 msec. The 
scans were made with a slice gap of 0.6 mm and a field 
of view of 230 mm. We followed the same MR 
protocol in the postoperative study and made every 
attempt to use an identical slice angnlation. 
For TCD monitoring we applied an EME (Ober- 
lingen, Germany) TC 2-64 with an improved moni- 
toting transducer with a 2 MHz emitting frequency. 
This system was connected with an EME TC 2000 
for off-line analysis of the audio Doppler signals with 
a 128-point fast-Fourier transform. The sample 
volume of the pulsed Doppler system was located at 
a depth of 45 to 55 mm with the transducer 
positioned on the temporal bone to insonate the main 
stem of the middle cerebral artery. The TCD 
transducer was fixed in place with a head strap. A 
continuous tape recording of the spectral waveforms 
was made from intubation until the end of anesthesia 
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administration. The audio Doppler signal was made 
audible in the operating theater throughout the 
entire procedure. Moreover, the fast-Fourier trans- 
formed TCD spectra were continuously observed by 
an on-line investigator. In addition, for off-line 
analysis the Doppler signal was recorded on an 
IBM-compatible microcomputer. Specially designed 
software (EME) allowed individual time frames of 
the fast-Fourier t ansform signals to be analyzed. If 
embolic transients were recorded, this recording 
provided a measure of the relative power amplitude 
in each successive time frame. However, the identi- 
fication and counting of embolic transients were 
performed without he use of the automatic emboli 
detection software. 
The methods of intraoperative EEG and TCD 
monitoring have been described elsewhere. 6,7 In this 
study special interest was paid to the occurrence of 
embolic transients in the Doppler signal according to 
the criteria described by Spencer and Russell .  1°12 To 
differentiate embolic transients from other artifacts, 
embolic transients should have a duration of less than 
100 msec and an energy of at least 3 dB above the 
background Doppler blood velocity spectrum. Such 
signals are unidirectional nd occur at random in the 
cardiac cycle. Usually they change velocity as they 
pass through the sample volume. Furthermore most 
embolic transients sound like harmonic chirps, 
whistles, or clicks. Therefore mbolic transients can 
be recognized easily during surgical procedures when 
the Doppler signal is made audible in the operating 
theater. The occurrence of embolic transients was 
recorded separately for the different stages of the 
operation: dissection of the artery, after cross-clamp 
release, and during the introduction and manipula- 
tion of a shunt. In each phase mbolic transients were 
recorded semiquantitatively (absent, less than 10 
emboli signals, more than 10 emboli signals). 
General anesthesia was given with nitrous oxide 
and 0.25% to 0.50% halothane to avoid a depth of 
anesthesia that would interfere with reliable EEG 
monitoring. All operations were performed under 
slightly hypocarbic and hypertensive conditions. In 
this study a Javid shunt (Bard, Inc., Billerica, Mass.) 
was selectively used on the basis of EEG and TCD 
criteria described in an earlier eport. 6All endarter- 
ectomies were performed by experienced vascular 
surgeons assisted by trainees. Before test clamping 
was performed, an intravenous injection of heparin 
(5000 IU) was administered; protamine reversal was 
not used. In 70% of all endarterectomies a vein patch 
was used. All patients were given a standardized 
preoperative antiplatelet treatment of 100 mg aspirin 
daily. Anticoagulation therapy was exceptionally 
used on imperative cardiac indications and was 
continued after the operation. 
Logistic regression a alysis (SPSS/PC+) was 
used for multivariate analysis of preoperative and 
intraoperative risk factors to determine the best set of 
variables predictive of perioperative c rebral deficits. 
The variables analyzed were, respectively: (1) preop- 
erative stares of the patient, (2) findings on the 
preoperative CT or MR scan, (3) severity of the 
ipsilateral and contralateral stenoses, (4) EEG asym- 
metry during test clamping, (5) the use and the 
indications for the use of a shunt, and (6) the number 
of embolic transients (ET) during dissection, shunt 
manipulation, and after clamp release (no ET, 1 to 10 
ET, or > 10 ET). A shower of microembofi was 
counted as more than 10 ET. In the two separate 
studies with preoperative and postoperative CT or 
MR imaging of the brain, univariate analysis was 
used to evaluate the impact of cerebral microembo- 
lism on brain architecture. In all studies the level of 
significance was set atp < 0.05. 
The study was performed under a protocol 
approved by the Institutional Review Board, and 
informed consent was obtained from each patient. 
RESULTS 
Clinical outcome. The overall complication rates 
were intraoperative stroke 1% (n = 3) and postop- 
erative stroke 3.3% (n = 10). The mortality was 
1.3% (n = 4). These rates resulted in a combined 
stroke and death rate of 5.7%. Seven (2.3%) patients 
showed only transient ischernic symptoms immedi- 
ately after the operation without changes on CT or 
MR imaging. One patient had transient ischemic 
symptoms 24 hours after the operation during a drop 
in systemic blood pressure without changes on the 
CT scan. 
In this study we focused on the impact of 
microembolism on brain function and architecture. 
Embolic transients were noticed in 69% of all 
endarterectomies. This percentage varied from one 
single embolus ignal at the introduction of a needle 
for stump pressure measurement to a shower of 
embolic transients of 5-minute duration after elease 
of the internal carotid artery cross-clamp. Table I 
shows the appearance of embolic transients in the 
three different stages of the operation. In 25% of all 
endarterectomies embolic transients occurred uring 
dissection (Fig. 1), which means they occurred 
before the arteries were opened. On the whole these 
phenomena were isolated emboli signals related to 
surgical manipulation. In 15 (5%) cases more than 10 
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Fig. 1. Example of TCD spectra from middle cerebral artery during dissection, indicating six
embolic transients. 
embolic transients were noticed during dissection. 
Logistic regression analysis of preoperative and 
intraoperative risk factors showed that the phenom- 
enon of more than 10 embolic transients specifically 
during this stage of the operation had a statistically 
significant negative impact on perioperative clinical 
outcome. This phenomenon especially resulted in 
intraoperative transient ischemic cerebral deficits 
(p < 0.002). Of interest was that it also showed a 
significant correlation with postoperative ischemic 
complications (p < 0.02). 
In our series a shunt was used in 76 (25%) 
endarterectomies. In 34% of these 76 cases the use of 
a shunt resulted in the appearance of embolic 
transients that were always less than 10. Shunt- 
related embolic transients were significantly corre- 
lated with intraoperative ischemic complications 
(p < 0.007). 
Embolic transients after release of the cross- 
clamps at the end of the endarterectomy were noticed 
in 53% of the operations: in 29% less than 10 
embolic transients and in 24% more than 10 embolic 
transients. This phenomenon did not show a statis- 
tically significant relationship with intraoperative or
postoperative complications in any of the 160 carotid 
endarterectomies with embolic transients at clamp 
release. 
CT study. In the group of 58 patients who un- 
derwent preoperative and postoperative CT scan- 
ning, embolic transients were noticed in all cases. 
Nineteen (33%) cases showed more than 10 emboli 
signals. The postoperative CT scan did not reveal new 
morphologic hanges of brain structure in any of the 
operations; this was true even in a case with a shower 
of 5 minutes of microemboli after elease of the inter- 
nal cross-clamp. These microemboli showed new 
transient cerebral deficits immediately after the op- 
eration. 
MR study. In this group of 40 carotid endarter- 
ectomies, the postoperative MR scan was made 
regardless of the detection of embohc transients with 
TCD ultrasonography. All MR scans were indepen- 
dently assessed by two radiologists who agreed in 39 
cases (Kappa = 0.9). In 35 endarterectomies no
change was noticed after the operation. In four cases 
a new ischemic lesion was described on the postop- 
erative MR scan ipsilateral to the side of operation. 
Three of these lesions were small, clinically silent, and 
deeply located hyperintensities on T2-weighted im- 
ages (Fig. 2). In the fourth patient the infarct was 
located in a subcortical border zone area. In this 
relatively small series of 40 patients, the phenomenon 
of more than 10 embolic transients during the 
dissection phase was significantly correlated (p < 
0.005) with the appearance of a new lesion on the 
postoperative MR scan. 
DISCUSSION 
It has now been recognized that carotid endar- 
terectomy is the best prophylactic treatment for 
patients with symptomatic carotid artery stenosis of 
more than 70% linear diameter reduction.13,14 There- 
fore efforts should be made to improve the safety of 
this potentially hazardous operation and to evaluate 
more thoroughly the pathophysiologic condition of 
perioperative complications. Among these complica- 
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Table I. Semiquantitative analysis of embolic transients in three different stages of carotid 
endarterectomy (n = 301) and their impact on intraoperative and postoperative ischemic 
complications (pvalues) 
Intraoperative 
Embolic transients TIA Ischemic stroke 





n = 10 
Dissection 
After CC release 
During shunt manipulation 
No ET (75) n = 3 n = 3 (NS) 
<10 ET (20) n= 1 n = 0 (NS) 
>10 ET (5) n=3 n =0 (p < 0.002) 
No ET (47) n = 1 n = 3 (NS) 
<10 ET (29) n= 3 n = 0 (NS) 
>10 ET (24) n= 3 n=0 (NS) 
No ET (66) n = 4 n = 0 (NS) 









n = 5 (NS) 
n = 3 (NS) 
n = 2 (p < 0.02) 
n = 3 (NS) 
n = 2 (NS) 
n = 5 (NS) 
n = 7 (NS) 
n = 3 (NS)  
ET, Embolic transients; T/A, transient ischemic symptoms; CC, cross-clamp; NS, not significant. 
tions cerebral ischemic infarcts are the most common. 
Some authors declare that a significant number of the 
perioperative strokes are due to cerebral ischemia 
during the time of temporary carotid artery occlu- 
sion. s Others dispute that these strokes are mainly 
caused by embolism during the exposure of the artery 
and after reflow, is Spencer et al?0 were the first who 
suggested that during carotid endarterectomy, circu- 
lating solid emboli can be detected in the human 
cerebral circulation with transcranial Doppler ultra- 
sonography. 
The capacity of TCD monitoring to detect 
intraoperative embolism is two-edged. On the one 
hand, the number of emboli cannot exactly be 
qualified, and the size and composition cannot be 
assessed. Moreover, the impact of cerebral microem- 
boli on brain function and architecture is not yet 
completely understood. On the other hand, accord- 
ing to most authors intraoperative embolism has a 
significant influence on the neurologic outcome of 
carotid endarterectomy. 
In this study cerebral microembolism never 
resulted in changes of brain architecture assessed by 
CT scanning. Even in a patient with long lasting 
embolization and transient intraoperative d ficits, the 
postoperative CT scan revealed no new ischemic 
lesions. On the other hand, the part of this study with 
preoperative and postoperative MR scanning of the 
brain showed the potential hazard of embolic tran- 
sients that occur during the dissection phase of 
carotid endarterectomy. A statistically significant 
(p < 0.005) correlation exists between emboli sig- 
nals ( > I0) and new, clinically silent, ischemic brain 
lesions on the postoperative MR scan. Moreover, the 
phenomenon of more than 10 embolic transients 
during dissection is also significantly correlated with 
both intraoperative (p < 0.002) and postoperative 
(p < 0.02) ischemic cerebral deficits. It is clear that 
these signals represent particulate microemboli and 
do not arise from gaseous emboli, because in this 
stage of the operation it was not possible that air 
could be entrained into the arteries. Probably these 
particulate mboli do not easily disintegrate once 
they are trapped in the microvasculature of the brain. 
Much controversy still exists concerning the use 
of a shunt during carotid endarterectomy. Propo- 
nents argue that the use of a shunt allows for no-haste 
surgical procedures, which is especially important 
when training residents and fellows. Moreover, the 
shunt can act as a stent for closure. Opponents of the 
use of a shunt claim that a risk of embolization or 
intimal damage ispresent during shunt insertion. In 
a multicenter analysis of the risks and benefits of 
shunting in carotid endarterectomy with TCD moni- 
toring, Halsey  I6 also suggested a thromboembolic 
mechanism to explain shunt-related ischemia. Our 
institution is a training hospital for vascular surgical 
procedures, and a shunt is used on the basis of EEG 
and TCD monitoring in 20% to 25% of all carotid 
endarterectomies. Thus the use of a shunt is not a 
universal procedure for our surgeons, and embolic 
transients were noticed in 34% of all shunted cases 
(n = 76). However, the nurnber of emboli signals 
during shunt manipulation was always smaller than 
10. In spite of this small number ofembolic transients 
during shunting, shunt-related microemboli show a 
statistically significant correlation with intraoperative 
ischemic complications (p < 0.007). Probably 
shunt-related microemboli consist not only of micro- 
air bubbles but also of solid matter from the 
atheromatous artery. 
The occurrence of embolic transients after cross- 
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Fig. 2. Preoperative (left) and postoperative (r~ht) T2-weighted MR scans howing two new, 
lacunar, white matter lesions (arrom) on postoperative scan. Thispatient was operated on right 
side, and during dissection phase TCD monitoring revealed more than 10 embolic transients 
in right middle cerebral artery. 
clamp release is not significantly associated with 
perioperative complications. It is not quite clear why 
these microemboli cause less harm than the micro- 
emboli that occur during dissection or shunt manipu- 
lation. Possibly these microemboli are mainly com- 
posed of relatively harmless material such as micro-air 
bubbles or unstable platelet aggregates that readily 
fragmentize or dissolve after they have been trapped 
in small arteries. 
Although the etiology of perioperative stroke in 
carotid endarterectomy is undoubtedly multifacto- 
rial, microembolization of platelet aggregates, 
atheromatous debris, or thrombus during initial 
dissection of the carotid bifurcation is of important 
relevance. During the operation every precaution 
should be taken to reduce the incidence of iatrogenic 
embolization. TCD monitoring is the only intraop- 
erative modality that can provide on-fine information 
on the appearance of microemboli in the basal 
cerebral arteries. Microemboli cause short transients 
in the Doppler spectral waveforms. Moreover, they 
have characteristic a oustic properties and sound like 
"bleeps," "whistles," or "clicks." Therefore they are 
easy to recognize when the Doppler signal is made 
audible in the operating theater. 
It is important to emphasize that in this study 
most of the patients with more than 10 emboli signals 
during the dissection phase showed only transient 
cerebral deficits or small, clinically silent lesions on 
MR imaging after the operation. In other words, 
particularly during dissection the emboli signals can 
warn the surgeon in time which manipulation causes 
embolism, and accordingly he or she can try to adapt 
his or her technique to prevent a more serious 
outcome. For example, he or she can stop the 
dissection and first cross-clamp the common and 
external carotid arteries before performing further 
manipulation. It is our experience that surgeons have 
been guided by the "emboli signals." Direct acoustic 
feedback of the Doppler signal to the surgeon can 
assist in (1) a more careful dissection of the artery and 
(2) a more meticulous attention to backbleeding and 
flushing to avoid embolism in the phase of flow 
restoration. When despite all these precautions a
serious event happens, the best medical treatment 
and imaging of the carotid system can be started 
without any delay. Since TCD monitoring was 
introduced in our institution, the intraoperative 
stroke rate has declined from 4.8% to 1%. At present 
the vast majority of pcrioperative strokes occur 
during the recovery period after the operation. 
Possible postoperative complications are an increase 
of cerebral thromboembolic events and thrombotic 
occlusion of the internal carotid artery. Neurologic 
deficits will appear only in cases with major cerebral 
embolization, or if collateral perfusion is insufficient. 
If TCD monitoring is extended into he postopera- 
tive period, both conditions can probably be de- 
tected.17,18 
Finally, some prominent disadvantages of TCD 
monitoring should be mentioned. The major ob- 
stacle to routine intraoperative use arises from 
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problems of obtaining interpretable signals from the 
basal cerebral arteries; these problems are caused by 
temporal hyperostosis or other technical difficulties. 
The exact failure rate varies with patients' age, sex, 
and race and with the equipment used and the 
experience of the sonographer. During the period of 
this study the failure rate was 15%; however, only 
cases with a successful TCD monitoring were in- 
cluded in the data analysis. 
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